Snow hydrology signatures for model identification within a limits-of-acceptability approach by Schaefli, Bettina
For Peer Review
 
 
 
 
 
Snow hydrology signatures for model identification within a 
limits-of-acceptability approach 
 
 
Journal: Hydrological Processes 
Manuscript ID HYP-15-0871.R1 
Wiley - Manuscript type: Keith Beven Tribute 
Date Submitted by the Author: n/a 
Complete List of Authors: Schaefli, Bettina; Ecole Polytechnique Fédérale de Lausanne, Laboratory of 
ecohydrology ECHO; Universite de Lausanne, Institute of Earth Surface 
Dynamics 
Keywords: 
rainfall-runoff model, snow hydrology, model calibration, limtis-of-
acceptability, Monte Carlo simulation, Discharge signature 
  
 
 
http://mc.manuscriptcentral.com/hyp
Hydrological Processes
For Peer Review
1 
 
Snow hydrology signatures for model identification within a 1 
limits-of-acceptability approach 2 
 3 
(running title: Snow hydrology signatures) 4 
 5 
Bettina Schaefli
1,2
 6 
1: Laboratory of Ecohydrology and Laboratory of Hydraulic Constructions, School of 7 
Architecture, Civil and Environmental Engineering (ENAC), Ecole Polytechnique Fédérale de 8 
Lausanne (EPFL) 9 
2: Now at: Faculty of Geosciences and Environment, University of Lausanne, 1015 Lausanne, 10 
Switzerland,  tel: 0041 21 692 44 00 11 
 12 
Abstract 13 
Discharge simulation from snow-dominated catchments seems to be an easy task. Any 14 
spatially-explicit precipitation-runoff model coupled to a temperature-index snow model 15 
generally yields simulations that mimic well the observed daily discharges. The robustness of 16 
such models is, however, questionable: in presence of strong annual discharge cycles, small 17 
model residuals do not guarantee high explanatory power of the underlying model. This paper 18 
proposes a methodology for snow hydrological model identification within a limits-of-19 
acceptability framework, where acceptable model simulations are the ones that reproduce a 20 
set of signatures within an a priori specified range. The signatures proposed here namely 21 
include the relationship between the air temperature regime and the discharge regime, a new 22 
snow hydrology signature that can be readily transferred to other Alpine settings. The 23 
discriminatory power of all analyzed signatures is assessed with a new measure of their 24 
discriminatory power in the model prediction domain. The value of the proposed snow 25 
hydrology signatures and of the limits-of-acceptability approach is demonstrated for the 26 
Dischma river in Switzerland, whose discharge shows a strong temporal variability of 27 
hydrologic forcing conditions over the last 30 years. The signature-based model identification 28 
for this case study leads to the surprising conclusion that the observed discharge data contains 29 
a multi-year period that cannot be reproduced with the model at hand. This model-data 30 
mismatch might well result from a yet to be identified problem with the discharge 31 
observations, which would have been difficult to detect in a classical residual-based model 32 
identification approach. Overall, the detailed results for this case study underline the 33 
robustness of the limits-of-acceptability approach in the presence of error-prone observations 34 
if it is applied in combination with relatively robust signatures. Future work will show 35 
whether snow hydrology signatures and their limits-of-acceptability can be regionalized to 36 
ungauged catchments, which would make this model selection approach particularly powerful 37 
for Alpine environments.  38 
Key words (max. 6): rainfall-runoff model, snow hydrology, model calibration, limits-of-39 
acceptability, Monte Carlo simulation, signature  40 
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1 Introduction 1 
Streamflow modeling in high mountainous environments faces the fascinating challenge of 2 
dealing with water stored at different aggregation states within the soil, within the seasonal or 3 
the intermittent snow cover or within perennial snow and ice packs. The dimensionality gap 4 
(Beven and Binley, 1992;Gupta et al., 2008) between the number of processes occurring at 5 
different spatio-temporal scales to be described by a model and the number of time series 6 
available to evaluate or to calibrate the model might appear to be far more discouraging than 7 
for streamflow modeling in lowland systems.  8 
The resulting problems of model equifinality discussed by Keith Beven since his 1993 paper 9 
(Beven, 1993) might indeed be exacerbated here, in particular because the streamflow signal 10 
observed for any catchment larger than a few square kilometres might efficiently average out 11 
any spatial heterogeneity of snow accumulation and of melt release (Comola et al., 2015b). 12 
On the other hand, the temporal accumulation of frozen water on the surface offers also a 13 
great opportunity for parameter estimation since the presence of snow or ice is relatively easy 14 
to observe with methods ranging from point stake measurements to satellite data. An 15 
important amount of research addresses for example the question of how to use remote 16 
sensing data and in particular MODIS snow cover information to reduce the equifinality of 17 
snow hydrological models. Most of these studies compare distributed snow cover simulations 18 
to the presence and absence of snow in MODIS images (e.g. Finger et al., 2011;Parajka and 19 
Blöschl, 2008), but there are also more recent attempts to directly estimate snowmelt 20 
parameters from MODIS snow cov r information (He et al., 2014)(Finger et al., 2011;He et 21 
al., 2014;Parajka and Blöschl, 2008).  22 
Still largely unexplored is, however, the question of how to efficiently extract information on 23 
the dominant hydrological processes in high mountainous catchments from available 24 
discharge observations within a so-called diagnostic model identification framework (Yilmaz 25 
et al., 2008), where model identification can be understood in the words of Wagener and 26 
Gupta (2005) as “the process of identifying one or more suitable models for a specific 27 
application and then using them to derive model predictions”. Given the strong seasonality of 28 
snow-influenced discharge, several studies propose a step-wise calibration of snow 29 
hydrological models by calibrating model parameter groups on selected discharge periods (He 30 
et al., 2015;Hingray et al., 2010;Schaefli et al., 2005). The diagnostic power of these 31 
approaches is, however, limited by the fact that they essentially rely on the minimization of 32 
model residuals (in particular the difference between observed and modelled discharge).  33 
The identification of model parameters and model structures based on model residual selects a 34 
posteriori (after the model has been run) those simulations that are compatible with the 35 
observed data (in particular discharge), e.g. by minimizing some measure of the magnitude of 36 
the model residuals. The main difference between the various residual-based model 37 
identification methods is the a posteriori model selection procedure, which uses either a 38 
GLUE-based methodology (Generalized Likelihood Uncertainty Estimation, Beven and 39 
Binley, 1992;Beven and Binley, 2014), a single or multi-objective global optimization 40 
approach (e.g. Vrugt et al., 2003) or formal Bayesian parameter inference (e.g. Henn et al., 41 
2015). 42 
Any model identification approach selects a model as being an acceptable representation of 43 
the analyzed system if it satisfies some selection criteria over the calibration period and if the 44 
model performance does not too strongly decrease over the selected validation period. 45 
Common to most residual-based model selection methods is the absence of an objective, a 46 
priori evaluation of how well an acceptable model should behave over the observational 47 
period.  48 
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To overcome this major drawback, Beven (2006) proposed to select acceptable models based 1 
on hydrologic signatures for which limits-of-acceptability can be specified before any model 2 
simulation is actually completed. This framework provides a straightforward way to select 3 
models by simply rejecting all models that do not fall into the a priori limits for all retained 4 
signatures. It furthermore assumes that all simulations that lie within all limits-of-5 
acceptability are equifinal. Such a selection procedure namely avoids the problem of 6 
averaging several residual or signature-distance measures, which might typically result in 7 
selecting models that have a mediocre performance for each individual distance measure. 8 
Examples of application of the limits-of-acceptability approach are presented in the work of 9 
(Blazkova and Beven, 2009;Coxon et al., 2014;Liu et al., 2009;Westerberg et al., 10 
2011;Winsemius et al., 2009).  11 
The most widely used hydrologic signature for model identification is the flow-duration 12 
curve. Other signatures include the memory of the discharge (its autocorrelation, e.g. Toth, 13 
2013;Winsemius et al., 2009), high or low flow frequency (Toth, 2013;Viglione et al., 2013) 14 
or the runoff ratio. Westerberg and McMillan (2015) provide an up-to-date overview of 15 
existing studies and of used signatures and propose a method to estimate their uncertainty. 16 
In this paper, we propose a new way of extracting information from observed discharge in 17 
high mountainous environments and show how this information can be translated into snow 18 
hydrologic signatures to be used within a limits-of-acceptability approach. A new measure of 19 
the discriminatory power of these signatures is proposed to overcome the limitations related to 20 
subjective signature selection (Euser et al., 2013). The relevance of the proposed signature-21 
based model selection framework is discussed for the Swiss Dischma case study, which is 22 
representative of many Alpine settings.  23 
 24 
2 Case study 25 
The case study is the Dischma river, located in th  South-East of Switzerland near Davos 26 
(Figure 1). Its catchment has a size of 43.3 km
2
 at the Kriegsmatten gauging station. The 27 
discharge time series for the years 1981 – 2012 are available from the Swiss Federal Office 28 
for the Environment. The catchment elevation ranges from 1668 m asl. to 3146 m asl, with a 29 
mean altitude of 2372 m asl.; around 2% of the catchment area is today covered by glaciers. 30 
The hillslopes are relatively steep with shallow soils, mainly covered with pasture (38%), 31 
coniferous forest (10%), bare soil (16%) and rock outcrops (24%) (Verbunt et al., 2003). The 32 
geology is crystalline composed of gneiss and amphibolites. 33 
The discharge regime is of the so-called b-glacier type (Weingartner and Aschwanden, 1989), 34 
with a strong annual cycle resulting from accumulation and melt of snow. The monthly 35 
maximum streamflow occurs in early summer (June) and monthly minimum flow in January 36 
(Figure 2).  37 
The observed air temperature data is taken from the meteorological station Davos (1594 m 38 
asl., Figure 1 of Supporting Material), 5.0 km downstream of the catchment outlet. Air 39 
temperature lapse rates are computed between this station and the nearby Weissfluhjoch 40 
station (2690 m asl., distance to outlet 8.6 km) and are around -0.5°C/100m. This results in a 41 
mean annual temperature at mean elevation of -0.2°C (1981-2012) but with a strong 42 
increasing trend over the study period (Figure 2). Albeit not located in the same valley, the 43 
precipitation recordings of the high elevation meteo station Weissfluhjoch (2690 m asl.) are 44 
used to simulate the discharge of this catchment. The station records around 1400 mm/year of 45 
precipitation, which is relatively low compared to other Alpine locations at the same altitude: 46 
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As illustrated in Figure 2, the annual totals can be assumed to be compatible with the 1 
streamflow recordings of the Dischmabach (1220 mm/year), whereas the recordings from the 2 
low elevation Davos station show too low annual totals. A detailed analysis showed that the 3 
pattern of precipitation occurrence does not differ significantly between the two 4 
meteorological stations at a daily scale. It can accordingly be assumed that, at a daily time 5 
step, the Weissfluhjoch time series is representative for the catchment.  6 
It is noteworthy that at least over the most recent years, part of the discharge is probably due 7 
to net glacier ice melt. The mean evaporation in this catchment was of the order of magnitude 8 
of 300 mm/year for the period 1973 - 1992 (Menzel et al., 1999). There are no snow depth 9 
measurement stations directly located within this catchment.  10 
2.1 Hydrological model set-up and Monte Carlo simulations 11 
The discharge simulations are completed with the spatially-explicit hydrologic response 12 
model SEHR-ECHO (Schaefli et al., 2014). This model simulates the hydrologic response of 13 
23 subcatchments identified from the river network with TauDEM Version 5 (Tarboton, 14 
1997), which is freely  available from http://hydrology.usu.edu/taudem/taudem5/. The 15 
network and the subbasins are shown in Figure 1. The temperature time series for each 16 
subcatchment is obtained with a constant air temperature lapse rate. Given the absence of 17 
detailed information on the spatial distribution of precipitation, the observed data from 18 
Weissfluhjoch station is not interpolated to the subcatchments. The potential evaporation is 19 
evaluated with sunshine data from the Weissfluhjoch station and the Priestley-Taylor method 20 
(Maidment, 1993). 21 
The core of the precipitation-runoff simulation for each spatial unit (subcatchment) is a simple 22 
snow accumulation and melt routine based on a degree-day approach and a step transition 23 
between snow- and rainfall at 1°C. For partially ice-covered subcatchments, ice melt starts as 24 
soon as the entire snowpack has melted away and is also simulated with a simple degree-day 25 
approach (which is deemed reliable enough given the small extend of the ice-covered area). 26 
Evaporation is computed as direct re-evaporation of intercepted precipitation if there is 27 
enough potential evaporation. Transpiration is computed as a function of soil moisture. 28 
Sublimation from the snowpack or from the glacier surface is neglected.  29 
The transformation of melt water and rainfall into runoff at the subcatchment scale (before it 30 
enters a stream) is completed with a simple soil moisture accounting routine and two 31 
subsurface flows for the slow and the fast flow component. Routing along the network is 32 
obtained via convolution with the river network.For the daily time step considered here, 33 
routing has however no effect.  34 
To illustrate how the presented model selection framework can be used for hypothesis testing, 35 
two different spatial model set-ups are used: i) the basic set-up with 23 subcatchments, ii) a 36 
set-up with five elevation bands per subcatchment (115 spatial units in total). For this second 37 
set-up, the subcatchment state variables (snow storage, soil moisture etc) and flux variables 38 
(ice melt flux, snowpack outflux, fast and slow subsurface flows) are obtained by area-39 
averaging the state variables and the flux variables of the corresponding elevation bands.  40 
These two spatial set-ups are interesting because (2014)the subcatchment set-up gives a better 41 
description of the origin and the flow paths of water, whereas the elevation band set-up 42 
captures better the altitudinal distribution of snow accumulation and melt (Schaefli et al., 43 
2014). Based on simple minimization of discharge residuals, it is, however, impossible to 44 
show that the elevation set-up gives significantly better results at the daily time step.  45 
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In the two set-ups used here, the model has a total of 12 parameters to calibrate (Table 1). 1 
Parameters that are fixed are the interception threshold (1 mm), the snow refreezing factor 2 
(0.2 times the degree-day factor), snow retention capacity (0.05), soil porosity (0.4) and the 3 
maximum soil infiltration capacity (set to infinity, to switch off the Hortonian overland flow).  4 
All the results presented here are obtained with a total of 100’000 Monte Carlo simulations 5 
obtained by uniform random draws of parameter sets in the prior parameter ranges of Table 1. 6 
This number of simulations is a heuristic choice, resulting from repeated draws of parameter 7 
ensembles that showed that model performance does only very slightly increase beyond a 8 
draw of around 40’000 samples.  9 
The retained parameter ensemble does not contain parameters that do not respect the 10 
constraints indicated in Table 1. To initialize the seasonal snowpack and the soil moisture 11 
store, the first two years of each simulation are discarded for model performance analysis and 12 
for signature computation. 13 
 14 
3 Method 15 
3.1 Snow information extraction from hydrometeorological data 16 
The annual discharge cycle of snow-dominated catchments is due to the seasonal storage of 17 
water in the snowpack, which results in a long recession in autumn and throughout the winter 18 
and in a period of increasing snowmelt input overlain by rainfall events. In Alpine 19 
environments, two of the three dominant energy sources for snowmelt are long wave radiation 20 
and sensible heat, which are strongly influenced by air temperature (Ohmura, 2001). Given 21 
that air temperature also influences the aggregation state of precipitation (snow versus rain), 22 
air temperature can be considered as being the dominant driver of the annual discharge cycle 23 
resulting from snow accumulation and melt.  24 
The timing of this discharge cycle is fairly constant from year to year because air temperature 25 
follows a relatively invariant seasonal cycle. Accordingly, a simple but effective way to make 26 
these seasons visible is to compute the interannual mean of the discharge on each calendar 27 
day (Hingray et al., 2010) (Figure 3). Plotting this interannual discharge regime against the air 28 
temperature regime (Figure 3) nicely shows how discharge almost linearly increases with air 29 
temperature in late spring. For the Dischma, this slope varies bet een 1 and 6 °C/(m
3
/s) with 30 
the exception of the period centred on the extremely snow-rich winter 1999/2000 (Wiesinger, 31 
2006), where the slope is 10°C/(m
3
/s). It is noteworthy that this slope cannot directly be 32 
translated into snow melt factors since the slope results from a combination of snowmelt and 33 
an increase of the snowmelt-affected area.  34 
Once the snowpack has sufficiently melted away, any further increase in temperature cannot 35 
result in a further discharge increase (turning point in the discharge-temperature cycle). In late 36 
summer, air temperature also starts decreasing, leading ultimately in Autumn to an almost 37 
linear relationship between discharge decrease and air temperature due to the progressive 38 
increase of the non-responsive catchment area (Schaefli et al., 2013).  39 
This discharge-air temperature cycle is typical for snow-dominated catchments. For highly 40 
glacier-covered catchments, the discharge increase with air temperature in spring/early 41 
summer has a very similar slope to the discharge decrease with air temperature in late 42 
summer/autumn (see Figure 2 of the Supporting Material). Thisessentially reflects the 43 
increase and decrease of the responsive area as a function of air temperature. For catchments 44 
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with low glacier cover, the spring and autumn slopes differ strongly because the second is 1 
influenced also by the catchment recession behaviour. 2 
Further information on the snowpack accumulated in the catchment can be extract by 3 
considering the difference between cumulated catchment input (precipitation) and cumulated 4 
catchment outflow following the mass curve technique (MCT) proposed by Gao et al. (2014) 5 
to estimate the root zone depth. Knowing that the precipitation exceeding discharge during 6 
winter is essentially stored as snow and that the amount of discharge exceeding precipitation 7 
during spring has to come from snow storage, we can obtain two estimates of the amount of 8 
catchment-wide snow storage per year, one from winter discharge and one from summer 9 
discharge (see Figure 3 Supporting Material). Comparison of these two estimates from 10 
observed discharge and from simulated discharge can provide further insights into the 11 
model’s ability to reproduce the observed hydrologic response. 12 
For the case study at hand, the discharge gauging station at the outlet records also water 13 
temperature, which potentially represents an interesting source of information on dominant 14 
hydrological processes. In such a snow-dominated catchment, the different runoff components 15 
(glacier melt, direct surface runoff from rainfall or from snowpack outflow, slow and fast 16 
subsurface runoff) have in fact very different temperature signatures (Comola et al., 2015a). 17 
The Dischmabach gauging station is, however, located relatively far downstream on the main 18 
river channel, such that the water temperature is dominated by in-stream heat exchange with 19 
the atmosphere during a large part of the year (even if there is a slight distributional difference 20 
for low water temperatures during days with discharge increase compared to recession days, 21 
Figure 4 Supporting Material). This is in fact the case for the majority of Swiss water 22 
temperature gauging stations (Gallice et al., 2015;Marco and Sebastiano, 2015).  The strong 23 
atmospheric influence is highlighted in the plot of the water temperature against the air 24 
temperature regime in Figure 4, which shows only a very small hysteresis effect between the 25 
two signals.  26 
Accordingly, from a hydrological modelling perspective, river water temperature 27 
measurements essentially reflect the same information as contained in direct air temperature 28 
observations.  29 
3.2 Snow hydrological signatures 30 
The slopes of the above discharge-temperature regime cycle over the identified seasons form 31 
a first set of potential signatures candidates. The timing of the transitions between seasons is 32 
not used as a signature since its value would too strongly depend on algorithmic choices to 33 
identify the transitions.  34 
The value of these slopes for model selection for each of the seasons is: 35 
• Early spring, early summer, winter: these seasons cannot be used as signatures due to 36 
the non-linear link between discharge and temperature 37 
• Late spring: the model reproduces the spatially-integrated link between temperature 38 
forcing and snowmelt, integrating namely the spatial distribution of the responsive 39 
area and the relationship between air temperature and snow melt 40 
• Summer and late summer: the model reproduces the relation between air temperature 41 
and discharge in presence of transpiration and evaporation, with minor melt inputs 42 
from very high elevation snowpacks or from glaciers 43 
• Autumn: the model reproduces the temporal decrease of the responsive area and the 44 
recession behaviour of the catchment. 45 
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To further characterize the discharge regime and in particular the winter recession, the 1 
accumulation and melting of snow, we propose to use the timing of the maximum value of the 2 
discharge regime (in days) and the relative ratio between the maximum and the minimum 3 
value of the discharge regime according to: 4 
max( ) min( )
max( )
Q
Q Q
r
Q
−
=  (2) 5 
where Q  is the interannual discharge regime as discussed earlier. This ratio should be 6 
relatively stable since periods with strong snow accumulation result in low min( )Q  and high 7 
max( )Q , whereas periods with low snow accumulation result in a small difference between 8 
min( )Q  and max( )Q  and in a lower max( )Q . 9 
Note that this ratio is similar to the Pardé coefficient range used by Viglione et al. (2013); the 10 
Pardé coefficients are, however, defined over monthly discharge, which represents an 11 
unnecessary dimensional reduction of the daily data. 12 
Furthermore, a set of classically used discharge signatures (Viglione et al., 2013;Toth, 2013) 13 
is tested for illustrative purposes and for a concise description of the hydrological behaviour 14 
over the observation period, including the mean discharge, the slope of the flow-duration 15 
curve between percentile 30% and 70%, the high flow (percentile 95%) and the low flow 16 
(percentile 5%), the lag-1 autocorrelation, the time lag at which discharge autocorrelation 17 
drops below 1/e (a measure of the memory) and the coefficient of variation over the snow 18 
melt months (mean discharged divided by standard deviation). All signatures used in this 19 
paper are summarized in Table 2.  20 
The snow accumulation estimated form observed and simulated discharge will serve as a 21 
further plausibility check of the involved hydrometeorological data. 22 
 23 
3.3 Limits-of-acceptability  24 
The definition of limits-of-acceptability for a selected signature should account for the 25 
uncertainty about the value of this signature (Blazkova and Beven, 2009). McMillan et al. 26 
(2012) provide an in-depth discussion of the observational sources of signature uncertainty. 27 
Westerberg and McMillan (2015) propose to address these uncertainties by explicitly 28 
quantifying observational uncertainties within a Monte Carlo simulation framework.  29 
Here, we propose to adopt a much simpler method, which consists of splitting the available 30 
discharge time series into several subsamples as it is classically done e.g. for flow-duration 31 
curve uncertainty analysis (Vogel and Fennessey, 1994;Viglione et al., 2013).  32 
Such an extension of the single observational sample into a set of samples has, however, an 33 
important limitation: In case of overlapping samples, the signature values estimated from each 34 
sample are not independent, which would impact the statistical interpretation of the signature 35 
distributions but does not affect the definition of limits-of-acceptability.  36 
For the definition of the limits-of-acceptability based on these reference values, we 37 
distinguish two cases here: i) For signatures that are computed directly on the observed daily 38 
values, the limits-of-acceptability are the limits of the observed values. For the high flow 39 
signature for example, the limits-of-acceptability correspond to the lowest and the highest 40 
95% flow quantile observed for all reference samples. ii) For signature values that are 41 
obtained from some averaging of the observed sample, we do not consider the lowest and the 42 
Page 7 of 35
http://mc.manuscriptcentral.com/hyp
Hydrological Processes
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
8 
 
highest reference value if these extreme values are obtained from averaging over shorter 1 
samples than for the simulated signature (as is the case for the results in presented in Section 2 
4). This is for example the case for the spring T-Q slope.  3 
3.4 Discriminatory power of signatures 4 
We propose here to assessed the discriminatory power of a given signature using two criteria: 5 
First, the average width of the simulation range spanned by acceptable simulations: 6 
,max ,min
1 ,50
[ ( | ) ( | )]1
( )
N
sim i sim i
i
t sim
q t s q t s
R
N q t=
−
= ∑ , (2) 7 
where ,min ( | )sim iq t s , ,max ( | )sim iq t s  and ,50 ( | )sim iq t s  are, at time step t, the minimum value, the 8 
maximum value and the median value of all N acceptable simulations under signature si.  9 
The second criterion iϕ  measures whether under signature si the observations are uniformally 10 
distributed within the simulation range rather than e.g. always close to the limits of the 11 
simulation range. This is a necessary requirement for good prediction ranges (Laio and 12 
Tamea, 2007;Thyer et al., 2009). Following the reasoning of Laio and Tamea (2007) we 13 
propose to quantify 
iϕ  as the maximum deviation of the empirical cumulative distribution 14 
function from the uniform cumulative distribution. Furthermore, we evaluate this maximum 15 
deviation per season to measure whether the observations are uniformally distributed within 16 
the simulation range for each season { }DJF,MAM,JJA,SONj =T : 17 
( ), ,max ( | )i j i j obs j U P q t t Fϕ = ∈ −T  (3) 18 
( ),maxi i j ϕ ϕ=  (4) 19 
where UF  is the cumulative uniform distribution U(0,1) and ( ), ( | )i j obs jP q t t ∈T  is the 20 
empirical distribution function of ( )obsq t  within the simulation range under signature si. This 21 
measure iϕ  is much less sensitive to observational errors than for example the range of 22 
observed values covered by the simulation range.  23 
A signature with high discriminatory power should result in a very narrow simulation range 24 
(Ri << 1) with uniformally distributed observations within this range for all seasons ( iϕ  close 25 
to zero). We thus use a criteria for the discriminatory power of a signature Di computed as 26 
,max ,min
1 ,50
[ ( | ) ( | )]
1 1
( )
N
sim i sim ii
i i i
t sim
q t s q t s
D  R
N q t
ϕ
ϕ
=
−
= − = − ∑ , (5) 27 
which should be close to 1. 28 
3.5 Additional model performance measures  29 
For model performance evaluation, the following criteria are used in addition to the above 30 
signatures: the Nash-Sutcliff criterion (Nash and Sutcliffe, 1970), called here simply Nash 31 
value, the Nash value computed on the log-transformed values (called Nash-log) and the 32 
benchmark efficiency criterion (BE) suggested by Schaefli and Gupta (2007), where the 33 
reference model is the interannual mean-discharge on each calendar day rather than the mean 34 
discharge over the entire period: 35 
  36 
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2
1
2
1
[ ( ) ( )]
1
[ ( ) ( )]
N
obs sim
t
E N
obs b
t
q t q t
B  
q t q t
=
=
−
= −
−
∑
∑
 (5) 1 
where qobs(t) is the observed discharge at time step t, qsim(t) is the simulated discharge and 2 
qb(t) is the benchmark model discharge at time step t obtained as the interannual mean on the 3 
calendar day corresponding to t. As discussed by Schaefli and Gupta (2007), this benchmark 4 
efficiency measures whether the hydrologic model explains more of the observed variability 5 
than what is already contained in the seasonality of the climate.  6 
4 Results and discussion 7 
4.1 Model calibration on Nash values 8 
As a benchmark for the results presented hereafter, Figure 5 shows the best discharge 9 
simulations obtained under the two studied model set-ups, calibrated either on the snow-rich 10 
period 1983-1992 or on the relatively warm period 2000-2009, which includes the heat wave 11 
summer 2003. The different calibrations yield relatively similar parameter values for 12 
snowmelt and the soil moisture module but yield in particular rather different time scales for 13 
the fast and the slow subsurface flow components. As a result, the discharge simulations are 14 
clearly very different for the years shown in Figure 1; all simulations do a rather poor job for 15 
the year 2000 (which follwed an extremely snow reach winter) and for the summer 2003. 16 
Even the calibration on the period including the summer 2003 does not give good results here. 17 
In fact, the model performance shows an extreme performance drop after the year 2000 (see 18 
also Section 4.3), which points towards a major issue in either i) the model selection, ii) the 19 
model structure for warm and extremely warm years, iii) the used input data for this peridod 20 
or iv) the observed discharge. Understanding and overcoming this performance drop was thus 21 
a strong driver for the research presented here.  22 
 23 
4.2 Snow accumulation estimated from discharge and precipitation 24 
The precipitation accumulation during the winter low flow period estimated from observed 25 
precipitation and discharge represents a simple but potentially interesting signature to 26 
compare the model behaviour integrated over the winter period to the observed discharge. 27 
The mass curve technique (MCT) is used to estimate catchment-scale accumulated water 28 
either from winter precipitation exceedance or from summer flow exceedance. The two 29 
estimates show a certain scatter for observed discharge as well as for an example of simulated 30 
discharge (Figure 6, left), which is partly related to the assumption of a constant slope of 31 
precipitation. Overall, the result for observed discharge suggests that the used precipitation is 32 
not incompatible with the observed discharge.  33 
For the model simulations, MCT yields estimates from the winter flow that are very close to 34 
the actually simulated maximum winter accumulation (Figure 6, center), which shows that the 35 
method is promising for snowpack characterization from winter flow; the snowpack 36 
estimations from summer flow are underestimated, which is to be expected given that part of 37 
the water leaves the system via evaporation and transpiration. The simulated maximum winter 38 
accumulation is also in very good agreement with the snowpack estimations obtained with 39 
MCT from the observed flow (Figure 6, right) Plotting the snowpack estimates from observed 40 
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and simulated winter flow against each other underlines the coherence of the results (Figure 6, 1 
right). Albeit being a strong hint for a good spatially and temporally integrated simulation, 2 
these results do, however, not necessarily mean that the actual snowpack is well captured by 3 
the model. This would in particular not be the case if water is stored in some other form.  4 
 5 
4.3 Time variability of signatures  6 
The discharge observation period covers a certain number of exceptional years, starting with 7 
the overall snow-rich period in the 80ies (resulting in an advancing period for many Swiss 8 
glaciers, e.g. Bauder, 2015), the exceptional snow-rich winter 1999/2000, the heat wave 9 
summer 2003 (Zappa and Kan, 2007), a period of higher precipitation recordings (1999-2004, 10 
Figure 2) and the overall warm period since 2000 (see also an analysis of climatic conditions 11 
for glaciers for four Swiss study sites in Huss et al., 2009).  12 
Accordingly, the signatures analyzed here show a strong time variability, which is not well 13 
captured by the model if calibrated on the Nash value. This is illustrated in Figure 7 that 14 
shows selected signature values computed over periods of 5 years with a moving window 15 
(overlapping periods). The Nash-optimal simulations result in an important over-estimation of 16 
the mean discharge in the precipitation-rich years, in an overall too early maximum discharge, 17 
too low flow-duration curve slope for mid-range discharges, too high low flows for two 18 
simulations, too low high flows for the recent warm years and a too low coefficient of 19 
variation of summer flows. The autocorrelation signatures show an important difference 20 
between the Nash-optimal simulations selected on period 1 (1983-1992) and the ones selected 21 
on period 2 (2002–2010): The signatures show an overall overestimation of the time scale of 22 
the autocorrelation decrease for the selection on period 2, an overestimation of the 23 
autocorrelation lag-1 for the subcatchment and for the elevation set-up for the two different 24 
periods and a complete mismatch of the autocorrelation lag-1 for the subcatchment set-up 25 
selected on period 1. This last result can be explained by the fact that the Nash-optimal 26 
simulation over period 1 leads to too frequent, too strong high flows over the remaining 27 
warmer years.  28 
These time-variable differences between signatures estimated from simulated and from 29 
observed discharge are reflected in the strongly time-varying Nash performance (Figure 7, last 30 
subplot), with a remarkable drop of the Nash value around after 2000 for all set-ups but in 31 
particular for the simulations calibrated over 1983-1992. The benchmark efficiency values BE 32 
<0 (same graph with right-hand scale) clearly show that the simulation does not explain any 33 
observed variability beyond the annual cycle. The Nash-log values (not shown) are high 34 
(above 0.85) for all simulations but also with a pronounced drop after 2000.  35 
To summarize, it is clear from this analysis of the performance variability through time that a 36 
simple Nash-based parameter selection is likely to not result in a robust model calibration for 37 
this case study.  38 
4.3 Discriminatory power of signatures 39 
The simulation ranges obtained under the different signatures studied in this paper show 40 
important differences in their width over the different seasons and in the way they include the 41 
observed discharge values. An example is given in  42 
Figure 10 for the timing of the annual maximum Q
*
max. The discriminatory power Di of the 43 
studied signatures (Figure 8) shows that only a few signatures have a positive value, i.e. only 44 
a few signatures lead to a relatively narrow simulation range that reasonably covers the 45 
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observed values (see also the components of Di split according to the seasons in the 1 
Supporting Material, Figure 5).  2 
In the following, we only consider these signatures with positive Di for further model 3 
selection, i.e. the timing of the maximum regime discharge (max. timing), the coefficient of 4 
variation during the melt season (cv melt), the temperature-discharge regime slope during 5 
spring (T-Q spring slope) and the high flows. This set of signatures is completed with the lag-6 
1 autocorrelation as a minimum control on the temporal structure of the model. All these 7 
signatures essentially focus on high flows during spring and summer. It will be particularly 8 
interesting to see whether models that respect these signatures also perform well during 9 
autumn and winter. 10 
The selected signatures apply a strong selection on the model parameters as illustrated in the 11 
dotty-plots (Beven, 2006) for the degree-day factor of snow (Figure 9). For this example, the 12 
parameter selection resulting from the individual signatures is visible even if we consider the 13 
model performance projection onto a single parameter axis (comparable to considering the 14 
marginal distribution in a formal parameter inference approach). For most other parameters, 15 
this effect is not visible in the single parameter space: many signatures seem to not exert any 16 
selection effect on single parameters (Supporting Material, Figure 6), despite of their 17 
discriminatory power on the model prediction range. This absence of a selection effect of an 18 
individual signature on a single parameter does, however, not mean that the parameter is not 19 
identifiable under this signature; this might also result from parameter correlations, as nicely 20 
demonstrated by Bardossy (2007).  21 
4.4 Signature-based model improvement and model selection 22 
Having selected a range of signatures that have useful discriminatory power for the selected 23 
model and the hydroclimatic environment, these signatures can be used for model 24 
improvement by analyzing the acceptable simulation range for exceptional years. For the 25 
Alpine case studies, the heat wave year 2003 is an ideal candidate for this.  26 
 27 
Figure 10 top row shows the range of simulations spanned by models that are within the 28 
limits-of-acceptability for the max. timing. The simulation range is clearly reduced to a space 29 
that is far off the observations in summer 2003. Introducing five elevation bands per 30 
subcatchment and a time-variable lapse rate partially solves this issue ( 31 
Figure 10 bottom row).  32 
With this new model structure, only 26 out of 100’000 parameter sets lead to simulations that 33 
are acceptable for all the five retained signatures simultaneously (Figure 11). The resulting 34 
simulation range corresponds reasonably well to the observed discharge for the two extreme 35 
years. More interestingly, these simulations capture the other signatures, not retained for 36 
model selection amazingly well (Figure 12). This simply expresses the fact that for snow-37 
dominated systems, capturing the essential features of accumulation and release of snow 38 
captures the key dynamics.  39 
It is noteworthy that some simulations that are acceptable for the five retained signatures 40 
show a clearly lower Nash performance than the others(Figure 12, last plot), which would 41 
require some detailed analysis to understand why they nevertheless yield good signature 42 
values.  43 
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4.5 So what is going on here after the year 2000? 1 
No simple model structure modification nor any sophisticated signature-based model 2 
selection procedure can improve the model performance over the period 2000-2005. A check 3 
of the used meteorological time series recorded at two rather different locations (Davos 4 
station at 1594 m asl. in a relatively flat area in the village close to the catchment outlet and 5 
the exposed mountain top Weissfluhjochstation at 2690 m asl.) shows that a problem with 6 
these stations can be excluded since they both behave very similarly over the considered 7 
period. None of the stations has been modified or has experienced significant problems (T. 8 
Konzelmann, MeteoSwiss, personal communication Nov. 2015).  9 
An analysis of yearly double mass curves of the discharge of the Dischma river and of a 10 
downstream gauge (Landwasser, catchment area 183 km
2
 ) suggests that the two discharge 11 
time series do not scale well for some years of the critical period, but not for all of them 12 
(Schaefli et al., 2016). 13 
A regional check with discharge data from catchments with similar settings shows, however, a 14 
remarkable result: The simulated annual discharge anomalies (with respect to a longer term 15 
mean) for the Dischma catchment (with time variable lapse rates) closely follow the trend of 16 
the nearby rivers (Figure 13), while the observed data completely drifts away. In addition, all 17 
published simulations with similar models (with PREVAH and HBV by Orth et al., 2015;with 18 
HBV by Jenicek et al., 2016) show a comparable deviation from the observed discharge data 19 
over the period 2000-2005 (Schaefli et al., 2016). 20 
A closer look on the discharge data, reveals, in addition, that the hourly data shows 21 
inexplicable sub-daily fluctuations for the year 2004 (see Supporting Material, Figure 7), 22 
which disappear in the year 2005. The managers of the station (Swiss Federal Office for the 23 
Environment) have not noticed this before but mentioned on request that the old analogue 24 
limnigraph was replaced on 27 Oct 2003 with a pressure sensor and that this sensor was 25 
replaced again in November 2006 and in September 2011 (A. Kohler, personal 26 
communication, 12 October 2015). No further details are available at the moment. 27 
All these hints strongly suggest that the observed data requires a much closer inspection 28 
before further modeling work can be done here. Discussions with hydrologists from several 29 
Swiss research groups are ongoing (Schaefli et al., 2016). 30 
 31 
5 Discussion 32 
The retained set of signatures contains regime-based signatures (spring T-Q slope, max. 33 
timing) as well as signatures computed from the discharge time series at a daily time step (cv 34 
melt, AR1, high flow). As discussed by Coxon et al. (2014), regime-based signatures are 35 
particularly important for catchments where the discharge is dominated by seasonal and 36 
climatic features rather than individual rainfall events, which is typically the case for snow-37 
dominated environments. 38 
All the selected signatures, except the signature on high flows, result from average properties 39 
and are thus relatively robust against non-systematic observational errors and against 40 
disinformative data sequences (Beven and Westerberg, 2011); this makes them particularly 41 
useful for model identification in presence of observational errors (McMillan et al., 42 
2012;Westerberg and McMillan, 2015). Furthermore, most of the proposed signatures can be 43 
computed with no computational choices (except the T-Q slopes), which are a non-negligible 44 
source of signature uncertainty (Westerberg and McMillan, 2015). In addition, the proposed 45 
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regime-based signatures might be relatively constant across similar catchments and they 1 
present thus a high potential for signature regionalization (Ganora et al., 2009;Yadav et al., 2 
2007).  3 
Other studies in snow-dominated environments used signatures that are similar to the set of 4 
regime-based signatures investigated here (e.g. Kelleher et al., 2015) but they were generally 5 
based on annual values. The model constraining effect or the discriminatory power of such 6 
apparently similar annual signatures might be relatively different. In addition, the value of 7 
similar signatures for model identification can only be compared if they are applied to models 8 
that have similar functional units, i.e. whose model components simulate dominant processes 9 
with similar state and flux variables.  10 
The presented detailed study of a single catchment with a range of tailor-made signatures 11 
underlines the value of the limits-of-acceptability approach developed by Keith Beven for 12 
model identification and hydrological system analysis in presence of error-prone 13 
observational data. This model selection framework allows to combine our a priori knowledge 14 
about the model behaviour with a priori knowledge about the catchment dynamics (Wagener 15 
and Montanari, 2011) without condensing this knowledge into some model performance 16 
measure. Such an explicit analysis of the model behaviour with respect to different signatures 17 
is particularly important for snow-dominated environments, where compensation effects 18 
between water released from different stores are potentially high. 19 
An important aspect of the presented study is the analysis of the constraining effect of the 20 
signatures in the model prediction space rather than in the parameter space as in many of 21 
Beven’s papers. This shift to the prediction space is particularly important for snow-22 
dominated environments where model parameters are strongly correlated because the filling 23 
and emptying of different water stores (soil, snow, ice) depend on each other at different 24 
spatio-temporal scales. In general, the proposed analysis of the discriminant power of the 25 
signatures in the model prediction domain represents a step towards the development of more 26 
informative signatures (Wagener and Montanari, 2011).  27 
An important open question is in as far the proposed signatures and the limits-of-acceptability 28 
approach in general can be used for ungauged catchments, since this would require the 29 
definition of regional limits-of-acceptability in absence of local discharge observations. 30 
6 Conclusion 31 
 32 
In snow-dominated environments, the dominant hydrological processes have a relatively 33 
stable imprint on the discharge regime, due to the pronounced annual storage and release of 34 
water. The extraction of process information directly from the discharge regime has 35 
nevertheless received relatively little attention in the past. As illustrated here based on a Swiss 36 
case study (the Dischma river), namely the average timing of annual maximum flow and the 37 
relationship between the air temperature regime and the discharge regime have a high 38 
potential for model selection based on theory and on physical process understanding (Clark et 39 
al., 2016) rather than based on residual analysis. Future work will show how the relationship 40 
between these two regimes can be used for catchment similarity assessment. The proposed 41 
method to estimate winter snow accumulation directly from observed discharge represents, in 42 
addition, a new simple method for plausibility checks of the available hydrometeorological 43 
data.  44 
The selected case study illustrates nicely how model selection with a priori limits-of-45 
acceptability can decisively contribute to learn from the data to improve the model structure, 46 
e.g. by inspecting the acceptable simulation range for extreme years. Even models selected 47 
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over a period of possibly wrong discharge observations have been shown to still lead to 1 
acceptable system representations over the remaining period. The potential of the presented 2 
signatures for model selection in the presence of non-concomittant time series remains to be 3 
analysed (De Vleeschouwer and Pauwels, 2013;Montanari and Toth, 2007;Winsemius et al., 4 
2008). 5 
Simple snow hydrological models have a long-standing tradition in hydrologic prediction. 6 
Given the impressive spatial heterogeneity of the involved processes, the good performance of 7 
simple models continues however to trigger suspicion. There even seems to be a general 8 
agreement that data-intense, grid-based energy-balance models are in principle preferable for 9 
catchment-scale prediction - despite of all discussions and scientific evidence on the 10 
limitations of complex physics-based models that we owe to the work of Keith Beven since 11 
his (1989) paper. 12 
The snow hydrological signatures proposed here within a limits-of-acceptability approach for 13 
model selection has the potential to shed a new light on this ‘simple versus complex models’ 14 
debate for Alpine environments.  If a simple model that yields acceptable regime-based flow 15 
signatures also reproduces reasonably well the daily flow patterns, this is a strong hint that the 16 
model simplifications are justified at the considered spatio-temporal scale. A complex snow-17 
model without calibration of accumulation and of melt parametrizations might, in exchange, 18 
only be an acceptable representation of the system behaviour if it is able to capture the a priori 19 
limits-of-acceptability of some key signatures. From this perspective, Keith Beven’s limits-of-20 
acceptability approach has not yet unraveled its full potential for model development in snow-21 
dominated environments.  22 
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Tables 1 
 2 
Table 1: Model parameters to calibrate, a priori value ranges and additional constraints 3 
Symbol Unit Min. Max.  Constraint Meaning 
as mm/°C/day 1 6 as < ai Degree-day factor for snow 
ai mm/°C/day 4 12 as < ai Degree-day factor for ice 
Gmax mm/d 0 2  Max. ground heat melt at snowpack 
basis 
Zr mm 0 1500  Root zone depth 
Lmax mm/h 0 0.15  Max. deep leakage (feeding slow 
flow component) 
C - 3.3 30  Clapp-Hornberger exponent 
Ksat mm/h 0.01 500  Saturated hydraulic conductivity 
sw - 0.1 0.4 sw < sm Wilting point 
sm - 0.4 0.6 sw < sm Plant stress point 
kslow 1/h 1/(365*24) 1 kfast > kslow Slow subsurface flux coefficient 
kfast 1/h 1/(10*24) 1 kfast > kslow Fast subsurface flux coefficient 
kice 1/h 1/(15*24) 1  Ice melt reservoir coefficient 
 4 
  5 
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Table 2: Summary of hydrological signatures used in this paper; a reference is indicated if appropriate; 1 
for the coefficient of variation, the reference period is set to 01 May – 30 Aug. for all years. The signatures 2 
used in (Viglione et al., 2013) are highlighted; note, however, that no signature is normalized by the mean 3 
discharge as in (Viglione et al., 2013) because normalization is useful to compare different catchments but 4 
would obscure the source of mismatch between model and observation. Only signatures with positive 5 
discriminatory power D are retained for final model selection. 6 
 7 
Notation Unit Short name Meaning Positive D Reference 
δi °C(m
3/s)-1 T*-Q* slope Slope of the discharge-
temperature cycle over season i 
spring: yes this paper 
rQ - maxmin ratio Relative range of minimum to 
maximum discharge regime 
no this paper 
tmin, tmax  max timing, 
min timing 
Timing of minimum, maximum 
of the discharge regime 
tmin: no  
tmax: yes 
this paper 
*
maxQ  
m
3
/s max. Q* Maximum value of the 
discharge regime 
no this paper 
cv - cv melt Coefficient of variation of melt-
influenced discharge 
yes this paper 
τ d time scale Time of autocorrelation function 
drop below 1/e 
no (Viglione et 
al., 2013) 
ρ1 - AR1 Lag-1 autocorrelation of 
observed discharge 
yes (Winsemius 
et al., 2008) 
∆p - Pardé range Difference between min. and 
max. Pardé coefficient 
no (Viglione et 
al., 2013) 
qlow, qhigh m
3/s low, high 
flow 
5%, 95% percentile flow qlow: no 
qhigh: yes 
(Viglione et 
al., 2013) 
mFDC m
3/s/d mid-FDC Flow-duration curve slope 
between percentile 30, 70 
no (Viglione et 
al., 2013) 
 8 
  9 
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Table 3: Model parameter values of the Nash-optimal parameter set for different periods and 1 
subcatchment (SC) or subcatchment-elevation band (SC+EB) set-up.  2 
Parameter / 
criterion  
Unit Nash-Opt. 
SC, 1998-
2009 
Nash-Opt. 
SC, 1981-
1992 
Nash-Opt. 
SC+EB, 
1981-1992 
Nash  0.76/0.77 0.82/ 0.76 0.84/ 0.79 
NashLog  0.78/0.84 0.90/ 0.88 0.87/0.85 
BE  0.05/0.13 0.30/ 0.10 0.37/  0.20 
Bias  0.05/0.02 0.02/-0.04 0.00/-0.05 
as mm/°C/d 3.3 2.9 2.4 
ai mm/°C/d 7.6 9.6 11.5 
Gmax mm/d 0.2 0.4 0.4 
Zr mm 373 203 383 
Lmax mm/h 0.05 0.08 0.11 
c - 3.5 5.1 3.7 
Ksat mm/h 306 381 209 
sw - 0.04 0.19 0.29 
sm - 0.72 0.76 0.62 
kslow
-1 d 982.5 399.6 320.5 
kfast
-1
 d 22.3 13.3 7.2 
kice
-1 d 2.2 3.9 3.9 
  3 
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Figure captions 1 
 2 
Figure 1: Location of the Dischma catchment within Switzerland (left) and subcatchment set-3 
up (right) with Swiss coordinates; source: (SwissTopo, 2008, 2005). 4 
 5 
Figure 2: Top: Mean annual temperature at mean catchment elevation computed from Davos 6 
station over periods of 5 years with a moving window and corresponding temperature lapse 7 
rate. Bottom: as top but mean annual precipitation at Davos (DAV) and Weissfluhjoch (WFJ) 8 
stations and specific discharge of Dischmabach Precipitation at WFJ is on average 184 9 
mm/year higher than specific discharge. 10 
 11 
Figure 3: Top row: discharge regime (left) and air temperature regime vs discharge regime 12 
(right) highlighting the different seasons. Bottom row: discharge regime (left) and air 13 
temperature vs discharge regime for three different time periods. The regimes are obtained as 14 
the inter-annual mean of the day of the year, smoothed with a 30 day window. 15 
 16 
Figure 4: Discharge, air and water temperature and precipitation regime over the 3 periods 17 
1981-1993 (P1), 1994-2003 (P2), 2004-2012 (P3) (selected periods adapted to the availability 18 
of water temperature data). The discharge and temperature regimes are obtained as the inter-19 
annual mean of the day of the year (smoothed with a 30 day window); for precipitation, the 20 
monthly mean is shown; bottom left: air temperature regime plotted against water temperature 21 
regime for the available period. 22 
 23 
Figure 5: Discharge simulations for different parameter sets; the legend abbreviations stand 24 
for: SC: subcatchment set-up, SC+EB: subcatchment and elevation band set-up, P1: period 1 25 
1983-1992, P2: 2000-2010 26 
 27 
Figure 6: Left: winter snow accumulation estimated from winter discharge versus from 28 
summer discharge for observed discharge and from the Nash-optimal simulation with the 29 
subcatchment set-up; center: flow-estimated snow accumulation versus simulated maximum 30 
annual snowpack; right: accumulation estimated from observed winter discharge vs snow 31 
accumulation estimated from simulated discharge or extracted from simulated snowpack. 32 
 33 
Figure 7: Temporal variability of selected runoff signatures studied in this paper for observed 34 
discharge (red) and three different Nash-optimal runs. For set-up abbreviations see Figure 5, 35 
for signature names Table 2. 36 
 37 
Figure 8: Discriminatory power Di of the different signatures studied here. Included are also 38 
the values obtained if retaining all simulation with Nash>0.6, 0.7, 0.8 and bias<0.1. 39 
 40 
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Figure 9: Projection of the Nash performance of all parameter sets onto a single parameter 1 
axis (so-called dotty plots, Beven, 2006); the chosen parameter is the day factor for snow (in 2 
mm°C
-1
d
-1
). In grey are shown all sampled parameter sets; in red and black are shown the 3 
parameter sets that are within the limits-of-acceptability of a) the max. timing tmax and tmax, δ3 4 
(spring T-Q slope); b) the melt coefficient of variaton cv and tmax, δ3, cv; c) the 95% percentile 5 
flow qhigh and tmax, δ3, cv, qhigh; d) the lag-1 autocorrelation ρ1 and tmax, δ3, cv, qhigh, ρ1. 6 
 7 
Figure 10: Simulation range spanned by all simulations that are within the limits-of-8 
acceptability for the maximum annual timing; top row: for model set-up without elevation 9 
bands; bottom row: with elevation bands; shown is also the range spanned by all simulations 10 
with Nash>0.5 for the period 1983-1992 11 
 12 
Figure 11: Simulation range spanned by all simulations that are, for period 1998-2009, within 13 
the limits-of-acceptability for all signatures with positive discriminatory power in Figure 8 14 
(max. timing, cv melt, spring T-Q slope, high flow). 15 
 16 
Figure 12: Signature values of the signatures not retained for model selection (for signature 17 
names see Table 2). 18 
 19 
Figure 13: Comparison of observed and simulated annual discharge anomalies for the 20 
Dischma river with annual discharge anomalies from two nearby rivers with similar 21 
hydrologic regime and catchment size. The anomalies are obtained by dividing by the mean 22 
over the period considered here (1983-2009). For details on the selected rivers see (Schaefli et 23 
al., 2013) or http://www.hydrodaten.admin.ch (accessed Oct. 2015). 24 
 25 
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Figure 1: Location of the Dischma catchment within Switzerland (left) and subcatchment set-up (right) with 
Swiss coordinates; source: (SwissTopo, 2008, 2005).  
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Figure 2: Top: Mean annual temperature at mean catchment elevation computed from Davos station over 
periods of 5 years with a moving window and corresponding temperature lapse rate. Bottom: as top but 
mean annual precipitation at Davos (DAV) and Weissfluhjoch (WFJ) stations and specific discharge of 
Dischmabach Precipitation at WFJ is on average 184 mm/year higher than specific discharge.  
203x152mm (150 x 150 DPI)  
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Figure 3: Top row: discharge regime (left) and air temperature regime vs discharge regime (right) 
highlighting the different seasons. Bottom row: discharge regime (left) and air temperature vs discharge 
regime for three different time periods. The regimes are obtained as the inter-annual mean of the day of the 
year, smoothed with a 30 day window.  
235x183mm (150 x 150 DPI)  
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Figure 4: Discharge, air and water temperature and precipitation regime over the 3 periods 1981-1993 (P1), 
1994-2003 (P2), 2004-2012 (P3) (selected periods adapted to the availability of water temperature data). 
The discharge and temperature regimes are obtained as the inter-annual mean of the day of the year 
(smoothed with a 30 day window); for precipitation, the monthly mean is shown; bottom left: air 
temperature regime plotted against water temperature regime for the available period.  
203x152mm (150 x 150 DPI)  
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Figure 5: Discharge simulations for different parameter sets; the legend abbreviations stand for: SC: 
subcatchment set-up, SC+EB: subcatchment and elevation band set-up, P1: period 1 1983-1992, P2: 2000-
2010  
317x119mm (150 x 150 DPI)  
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Figure 6: Left: winter snow accumulation estimated from winter discharge versus from summer discharge 
for observed discharge and from the Nash-optimal simulation with the subcatchment set-up; center: flow-
estimated snow accumulation versus simulated maximum annual snowpack; right: accumulation estimated 
from observed winter discharge vs snow accumulation estimated from simulated discharge or extracted from 
simulated snowpack.  
313x120mm (150 x 150 DPI)  
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Figure 7: Temporal variability of selected runoff signatures studied in this paper for observed discharge (red) 
and three different Nash-optimal runs. For set-up abbreviations see Figure 5, for signature names Table 2.  
352x216mm (150 x 150 DPI)  
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Figure 8: Discriminatory power Di of the different signatures studied here. Included are also the values 
obtained if retaining all simulation with Nash>0.6, 0.7, 0.8 and bias<0.1.  
196x163mm (150 x 150 DPI)  
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Figure 9: Projection of the Nash performance of all parameter sets onto a single parameter axis (so-called 
dotty plots, Beven, 2006); the chosen parameter is the day factor for snow (in mm°C-1d-1). In grey are 
shown all sampled parameter sets; in red and black are shown the parameter sets that are within the limits-
of-acceptability of a) the max. timing tmax and tmax, δ3 (spring T-Q slope); b) the melt coefficient of 
variaton cv and tmax, δ3, cv; c) the 95% percentile flow qhigh and tmax, δ3, cv, qhigh; d) the lag-1 
autocorrelation ρ1 and tmax, δ3, cv, qhigh, ρ1.  
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Figure 10: Simulation range spanned by all simulations that are within the limits-of-acceptability for the 
maximum annual timing; top row: for model set-up without elevation bands; bottom row: with elevation 
bands; shown is also the range spanned by all simulations with Nash>0.5 for the period 1983-1992  
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Figure 11: Simulation range spanned by all simulations that are, for period 1998-2009, within the limits-of-
acceptability for all signatures with positive discriminatory power in Figure 8 (max. timing, cv melt, spring T-
Q slope, high flow).  
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Figure 12: Signature values of the signatures not retained for model selection (for signature names see 
Table 2).  
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Figure 13: Comparison of observed and simulated annual discharge anomalies for the Dischma river with 
annual discharge anomalies from two nearby rivers with similar hydrologic regime and catchment size. The 
anomalies are obtained by dividing by the mean over the period considered here (1983-2009). For details on 
the selected rivers see (Schaefli et al., 2013) or http://www.hydrodaten.admin.ch (accessed Oct. 2015).  
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